Abstract Often, agricultural commodities are not eaten raw but undergo processing operations prior to human consumption. These may significantly affect the residue levels of pesticides contained therein and/or thereon. Due to the physico-chemical properties of the residue, its concentration may decrease or increase in processed fractions compared to the initial concentration in the raw agricultural commodity (RAC). The resulting ratio between processed fraction and RAC is denoted as processing factor (Pf). Information obtained from processing studies may serve for 2 different purposes: to decide on compliance of residues in processed products with legal standards for the RAC, and to refine dietary exposure estimation of humans and livestock with respect to residues in processed products. The German Federal Institute for Risk Assessment (BfR) extracted and compiled the results of several processing studies, the full reports of which had been made available to BfR in the framework of applications either for pesticide authorisation, for the setting of maximum residue levels (MRL), or within the EU active substances approval programme. Each Pf derived from processing studies was reviewed against transparent quality criteria and statements have been made regarding the robustness and reliability of the study results. Compared to the former version, the revised BfR database includes a more extended, more detailed and more trustworthy compilation of more than 6500 processing factors accompanied by relevant information on key parameters of the underlying processing studies.
Introduction
Some agricultural commodities are unpalatable in their raw state or may benefit from processing prior to human consumption. Several publications discuss the impact of such processing operations on the level of pesticide residues in foodstuff (Holland et al. 1994; Chavarri et al. 2005; Kaushik et al. 2009; Poulsen et al. 2007 ). Most of the procedures conducted to elucidate the impact of processing operations focus on industrial processing of fruits and vegetables. Much broader information is available from data packages submitted by pesticide manufacturers for authorisation of their products. The effect of food processing on residue levels depends on the commodity as well as the pesticide, and is correlated with individual physico-chemical properties of the pesticide (Burchat et al. 1998) . To date, MRLs are set out in Annexes II or III to Regulation (EC) No 396/2005 only for RACs (European Commission 2005) , but apply also for processed and/or composite food or feed by considering changes in the levels of pesticide residues caused by processing and/or mixing (article 20(1)). Similarly, MRLs are established for only a very small Electronic supplementary material The online version of this article (doi:10.1007/s00003-016-1043-3) contains supplementary material, which is available to authorized users.
number of simply processed commodities by Codex Alimentarius (Codex Alimentarius 2016) .
Processing factors are an indispensable tool, mainly for 2 purposes:
1. Providing information to food safety inspection services on the scope of changes in residue levels during food processing operations, thus, they are crucial for assessing whether the starting material has been in compliance with legal standards. 2. Providing information to risk assessors for refined dietary exposure estimates, such as figures, to allow a more realistic assessment in cases when commodities are mainly consumed after processing. This aspect will become even more important in upcoming cumulative consumer intake assessments.
The aim of the BfR project presented here was to generate a comprehensive database on quality-controlled processing factors. The data compilation is intended to support not only risk assessors in their evaluation of consumer risks caused by pesticide residues, but all interested parties in order to improve the transparency of evaluation results.
Existing guidance on how to perform processing studies
Processing procedures may have a significant impact on pesticide residues, not only related to the magnitude of residue concentration (OECD 2008b) , but also to the chemical transformation in (parts of) the parent residue during processing (impact on the nature of residue) (OECD 2007 To each core procedure and processed matrix, the corresponding OECD procedure code has been assigned (Table 1) . In addition to the fractions produced for human consumption, by-products are obtained from some processing operations that are not discarded but may be used for livestock feeding. Residues in those fractions need to be taken into account when predicting the dietary burden of livestock animals and evaluation of the residue transfer into animal commodities. The Guidance Document on Residues in Livestock (OECD 2013) provides a list of feedstuffs including by-products from food processing for human consumption. Processing studies therefore investigate processed fractions destined for human consumption as well as by-products possibly fed to livestock.
3 Data sources used to set up the database of processing factors In addition, data on pulp/peel distribution in citrus fruit were included, which were provided by a food business operator (Ahlers and Reichert 2007) or collected within the framework of the German food monitoring programme (BVL 2011) . Since the former versions of the database merely reflected the results published by other scientific bodies, the user was left with invalidated figures on processing factors without further information. The original study reports had not been reviewed and no statement whatsoever was made, e.g. on the appropriateness of the employed analytical method or the number of individual trials.
Hence, the decision was made to completely restructure the BfR database and factors were derived only after carefully scrutinizing the underlying studies submitted to BfR in the framework of various legal procedures. It is noted that there is some overlap of the data volumes of studies submitted to BfR and the studies submitted to and evaluated by other scientific bodies, e.g. EFSA or JMPR.
According to the provisions of the OECD Guideline 508 (OECD 2008b) , processing studies utilising spiked samples are explicitly referred to as ''not acceptable'', unless there is experimental evidence that there is no difference in distribution pattern compared to incurred residues. Based on this, studies involving spiked samples were generally considered not acceptable and were not considered in the project.
4 Eligibility criteria that need to be addressed by processing studies
Each processing factor used either in risk assessment or enforcement of legal standards should have been derived in a study which complies with a minimum of quality criteria, as regulatory decisions may largely depend on that piece of information. A set of principle requirements should be fulfilled prior to using such factors in either regulatory action of food control inspectors or refined estimation of dietary exposure. In the following, the eligibility criteria employed are outlined in more detail.
Representativeness of the employed processing procedures
Ideally, the applied experimental setup should mimic representative industrial or domestic standards as closely as possible (OECD 2008b) . However, it is known that processing conditions are very versatile and a subject to continuous technological progress. Preferably, product properties as defined by food norms should be reflected in the processed product. These properties could be related to e.g. minimum fruit content in jam or marmalade, or the standard types of flour (e.g. whole meal flour or flour type 550).
In view of the importance of industrial products in trade, industrial procedures may be preferred over domestic scale operations in order to obtain more representative results. Especially fractions destined for feeding purposes are only anticipated to be available from industrial scale operations.
Residue definitions
Residue definitions of pesticidal active substances may either consist of a single compound (mostly parent) or of several compounds including relevant metabolites and degradation products. It is not uncommon that, due to different demands, the residue definition for enforcement purposes [simple marker(s), accessible to routine analysis] deviates from that for risk assessment, which focuses on the total toxicological burden.
Residue definitions Furthermore, processing studies should ideally address not only the legally established residue definition but also components of the residue definition that are defined for risk assessment. However, definitions applicable for risk assessment are often subject to revision. As additional components might not have been part of the residue definition when the study was designed, the set of analytes might not comply with the actual residue definition(s) in quite a number of studies. For these reasons, the BfR data compilation focuses on the residue definitions for monitoring. In case that a residue definition for risk assessment differs from monitoring, a conversion factor needs to be considered.
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Minimum number of trials
The number of replicate trials within a study is a key parameter for robustness of the derived processing factor, particularly when each individual processing factor is significantly different. Even within the same study, processing factors derived from two replicate trials may show a considerable degree of variability. When individual processing factors from the 2 trials differ by more than 50 % (with a main focus on the relevant processed fraction), OECD Guideline 508 (OECD 2008b) recommends to carry out a 3rd trial to enhance consistency of the data and strengthen confidence in the finally derived factor. In the framework of their mandate to review existing MRLs according to article 12 of Reg. (EC) No 396/2005, EFSA required minimum of 3 trials to ensure sufficient robustness prior to recommending a processing factor (EFSA 2012 (EFSA , 2014 .
Validity of the analytical method
The analytical method used in the processing study should be described in sufficient detail. Parameters like recovery rates, repeatability, reproducibility and sensitivity should be in line with generally agreed requirements for analytical methods for pre-registration purposes (SANCO/3029/99) (European Commission 2000).
The procedural recovery should be within the range of 70-120 %. In addition, the coefficient of variation should be below 20 %. If these parameters were not fulfilled, the study was not considered acceptable.
Compliance with standards of good laboratory practice
In the area of experimental research, good laboratory practice (GLP) specifically refers to a quality system of management controls for research laboratories and organizations aiming to ensure the uniformity, consistency, reliability, reproducibility, quality, and integrity of chemical safety tests (OECD 1998) . Hence, only processing studies prepared in accordance with GLP standards were considered.
Sample storage conditions
Information on the sample storage conditions and the time elapsed between sampling and extraction/analysis was considered to be essential to the validity of processing studies. The database includes information about the duration of freezer storage of the samples. This information can be related to data from storage stability studies of the analyte(s) in the respective matrix type. If the storage conditions were chosen in a way that the duration of proven storage stability was not exceeded, the study was considered valid with respect to this criterion.
Calculation of Pf
The processing factor is defined as follows:
Pf ¼
Residue of processed fraction mg kg
Residue of RAC mg kg Processing factors have been reported after rounding to 2-digit accuracy. If rounding resulted in a value of 0.00, accuracy has been rounded to 3 digits. The range from the lowest to the highest value has been reported. If the concentration of the analyte in the processed product was below the analytical limit of quantification (\LOQ), the numerical value of the LOQ was used, and the calculated processing factor was prefixed by the symbol '' \''. If the concentration in the RAC was below the LOQ, a remark has been made under ''comments'' and the study was not considered acceptable.
If more than one processing factor is derived for a processed fraction in a study, the median value is used and set out as median Pf. If only 2 processing factors were reported, no 3rd replicate was required when they did not deviate by more than 50 %. This is in line with the present requirements (OECD Guideline 508), but statistical power (e.g. robustness against outliers) is certainly strongly limited in that cases. If residues in the processed product were below the LOQ in all trials, both the individual and the median Pf figures were prefixed by the symbol '' \''. A numerical value for the median Pf was only provided if at least one of the individual Pf values did not bear the prefix '' \''. When the residue concentrations in the RAC and in the processed product were both below the analytical LOQ in all trials, a processing factor was not applicable.
Procedure of creating the database
Following data acquisition, which has been described above, assignments and grouping were conducted.
At present, BfR is archiving more than 2600 processing studies, the characteristics of which have been listed by active compounds in a Microsoft Office Excel worksheet. Table 2 shows a typical screenshot of the database. In general, ''not applicable'' is indicated if no information on the respective criterion was reported in the study.
Crops and crop groups
The assignment of the raw agricultural commodities used in the processing studies is in accordance with the crop groupings in Reg. Table 3 is an open list and contains all RACs for which processing studies were available to date.
The uniform classification of crops allows the user to specifically filter the database for the appropriate studies. For the sake of completeness and convenience, the assignment of terms was harmonized in those cases of unequivocally identical produce with different names. For example, the term rapeseed was uniformly used instead of canola. And we have chosen the British denomination maize (instead of the American term corn). On the other hand, grapes were divided into red and white varieties in order to cope with the specific technological differences in the production of red and white wine.
Matrices and matrix groups
Processed fractions, hereafter called matrices, may be named differently in different studies. As for RACs it was important for benefits of consistency to combine the same products/fractions by a common matrix term. The entire table of all commodities and related matrices can be retrieved from Annex 1 (supplementary data). For example, Table 4 shows the grouping of the matrices for hops: e.g. the matrix ''spent grain'' coincides with the term ''brewer's grain''. Table 4 also provides information on the number of trials in which a respective matrix term was addressed. Matrices deviating only insignificantly in their processing were considered synonymous and combined if no significant difference was anticipated for the processing factors. For example, the matrices ''young beer'', ''cooled beer'' and ''beer'' were combined in the common matrix group ''beer''.
By this means, the ca. 800 differently named processed matrices in the complete database (processed matrix as reported) were consolidated into 175. This aggregation improves not only the searchability of a processed product but also the comparison of different studies. Thus, it enhances the chance for the user of the database to actually retrieve the complete set of studies matching his or her query.
Another assignment was made for the classification of flour types (Table 5) . Especially for the RACs wheat grain and rye grain, various terms were reported in processing studies for flour types.
An overview of the processing procedures evaluated within the framework of this project is illustrated graphically in a total of 35 flow charts in Annex 2 (supplementary data). They describe idealized processes, encompassing all matrix groups of a commodity or of an entire sub-crop group. For instance, Fig. 1 shows the idealised flow chart for the processing of hops into beer. The processed products are coloured differently depending on their use as food or animal feed.
Comments
The ''comments'' box provides any further information that is deemed as relevant for the interpretation of the study, e.g.
Additional information on metabolites, enan-
tiomers and/or isomers, which are not part of an actual residue definition, 2. Indication of a starting residue concentration in the RAC below the LOQ, 3. Special processing procedures which do not fall into any of the categories addressed elsewhere in the table, 4. Significant deviations from the published analytical method, and 5. Any other deviations/irregularities/remarks.
Acceptance of a study
It is the final responsibility of the assessor to decide on the acceptability of a processing study and the reliability of the reported results. One of the aims of the BfR project was to check all studies based on identical and particularly transparent criteria. With no significant discrepancies from generally agreed standards noted, a study is labelled as ''acceptable''. If one of the key criteria was not fulfilled, the information content of the study was flagged as ''indicative''. With more than one of the key parameters not addressed adequately, the study was rendered as ''not acceptable'' in order to provide Compilation of processing factors and evaluation of quality controlled data of food… 9
reliable Pf information. It is explicitly emphasized that this categorization scheme is that of the creator of the database. Depending on the background of his or her own experience and specific needs, the user of the data base may come to a diverging conclusion.
References and bibliographic information
For the identification of the underlying processing studies, full bibliographic information has been given, such as title of the study, authors ( , this is additionally referenced. However, due to lack of details from the reports, normally it cannot be reproduced which particular processing studies were underlying the processing factors recommended by the EFSA. The resulting processing factors may therefore differ between EFSA's Reasoned Opinion and the BfR database for the same pesticide/commodity/processing procedure combination.
Results and discussion
More than 2600 processing studies on 193 active substances have been reviewed in the project. Such studies are normally data-protected and not publicly accessible. Earlier versions of the BfR database and other projects like a compilation run by the National Institute for Health and Environment (RIVM) in the The Netherlands (RIVM, 2015) suffer from only reproducing results of evaluation studies done by other scientific bodies like EFSA or JMPR. In contrast, the new BfR processing factors database reflects the outcome of an exercise in which each individual processing study was thoroughly scrutinized under aspects of acceptability criteria for a set of key parameters governing the reliability of the study results. The outcome has been reported in the database on a single study basis. In order to build the desired degree of confidence in the derived processing factors, a number of critical parameters were verified. The information extracted from the corresponding study reports on each quality criterion can be retrieved from the database. This enables the use of the information according to specific needs. A total of 6500 processing factors were reported in the studies, out of which circa 1100 could not be reproduced because the residues in the processed matrix and in the RAC were lower than LOQ. For reasons of completeness, they were, however, not omitted. About 2800 processing factors reached the minimum quality requirements and the derived processing factors have been tagged as ''acceptable''. 17 % of the processing factors recorded in the database were flagged as ''not acceptable'', because more than one critical parameter was not met, and 40 % were flagged as ''indicative'' due to one parameter not having been met. The experience gained from the comprehensive review of the large number of studies allows for some critical remarks on the general design of processing studies and the processing procedures described therein. In particular, the following striking aspects are highlighted for further improvements.
The OECD guidance does not specify or prescribe any details of the processing technique(s) that should be simulated in studies. This deliberate flexibility is to leave room for the broad range of different types of processing techniques, ranging from industrial scale food producers continually improving their practice on one end, to artisan food or domestic produce at the other end. Such limited specification of processes leaves the regulatory assessor with a difficult decision on the representativeness of a single study from which a processing factor is taken. Furthermore, information is frequently lacking on the actual range of factors for a processed produce which may be encountered in practice due to diverging processing technologies. A typical example for this is the production of beer. Meanwhile, about 30-35 % of the beers are produced from hop extracts, a procedure not reflected by the majority of the available studies involving the use of dried hop cones (or hop pellets). Likewise, there have been numerous developments concerning the preservation of food. In many cases, a statement regarding the extent to which the simulated processing operation in the lab actually mimics recent developments in the food processing industry would be helpful, as well as a comparison of the applied technology to competing technologies. Another source of confusion and erroneous interpretation of processing factors is a non-standardized designation of processed fractions. In the evaluated studies, more than 800 differently named processed fractions were registered. For benefits of consistency, it was deemed prudent to combine the more or less identical (but differently named) products/fractions into 175 consolidated terms for processed matrices. This significantly improves the ability to retrieve the complete information from the database, but is also for ease of comparing results of studies using deviant terminologies. One experience gained in the project is that harmonisation and amplification of the current classification/denomination of processed matrices are highly desirable-preferably associated by a coding system for processing operations and processed fractions.
Some of the study reports suffer severely from the lack of information on important parameters, e.g. duration and temperature of heating steps, which would substantially facilitate the affiliation of the study outcome. In the absence of such information, judgement on the representativeness of the procedure is difficult and intercomparison with results from other studies is impeded. Similarly, products have been characterized sparsely and/or in a very general manner in some of the study reports, for example, whether the end product was double or triple concentrated tomato paste.
Another striking obstacle preventing the derivation of processing factors in some studies is that experiments employed a starting material (RAC) with residues below the LOQ of the analytical method. Even in case of an expected accumulation in processed fractions (Pf [ 1) such studies are not suitable to provide processing factors in a quantitative manner, hence rendering the study results obsolete.
Finally, it is considered worthwhile to further explore possibilities of extrapolation of study results to similar commodities/processes. The Guidance Document on magnitude of pesticide residues in processed commodities (OECD 2008a) indicates that for commodities of the same commodity group undergoing the same processing procedure; the results obtained for one commodity can be extrapolated to the other similarly processed commodities within this group. These recommendations are basically confirmed by the studies recorded in the BfR database. For example, the results from processing oranges into orange juice may be extrapolated to other citrus fruits. Nevertheless, even this apparently strikingly clear rule should be cautiously applied with a closer scrutiny of the processed fraction. For example, rather divergent factors were found in juices originating from pome fruit, which on a closer look were due to different processing procedures yielding either clear or turbid juice.
With a view to the large number of processed products, an extension of the existing rules for extrapolation should be explored. However, any new extrapolation has to be based on at least a minimum number of side-by-side processing studies. In the past, processing studies were almost exclusively conducted on a very limited number of representative crops. This does not give leeway for substantiating new extrapolations to other RACs which are important in trade or make up a significant share of consumer group diets.
Likewise, it might be worthwhile to explore possibilities of processing factors being extrapolated from one substance to another, given that those are closely rated in terms of structure and/or physicochemical properties.
Conclusion
Processing factors are valuable tools both for concluding on whether processed food or feed was produced in compliance with legal standards and for refining dietary exposure assessments. The revised BfR database offers a detailed compilation of such processing factors. Quality information on key parameters of the processing studies allows for rating of robustness and reliability of the results. Thus, the BfR database may be considered a milestone in providing a scientific background for establishing Annex VI to Regulation (EC) No 396/2005. To further develop the collected information towards a common instrument for regulatory decision making across the EU, a close cooperation is scheduled with partners of other European institutions. Furthermore, some recommendations concerning the set-up and interpretation of processing studies might find their way into existing international guidance.
